The purpose was to review recent research on Rift Valley fever virus (RVFV) infection, encompassing four main areas: epidemiology and outbreak prediction, viral pathogenesis, human diagnostics and therapeutics, and vaccine and therapeutic candidates. Recent findings RVFV continues to extend its range in Africa and the Middle East. Better definition of RVFV-related clinical syndromes and human risk factors for severe disease, combined with early-warning systems based on remote-sensing, simplified rapid diagnostics, and tele-epidemiology, hold promise for earlier deployment of effective outbreak control measures. Advances in understanding of viral replication pathways and host cell-related pathogenesis suggest means for antiviral therapeutics and for more effective vaccination strategies based on genetically engineered virus strains or subunit vaccines. Summary RVFV is a significant health and economic burden in many areas of Africa, and remains a serious threat to other parts of the world. Development of more effective methods for RVFV outbreak prevention and control remains a global health priority.
Introduction
Rift Valley fever virus (RVFV), the cause of Rift Valley fever (RVF), is a zoonosis endemic to Africa and the Arabian peninsula that now represents a looming health threat to Europe, Asia, and the New World [1, 2] . Areas with the most recent RVF outbreaks include Somalia (2006) (2007) , Kenya (2006) (2007) , Tanzania (2007) , Sudan (2007) (2008) , Mayotte (2007 Mayotte ( -2008 , Madagascar (2008) , Swaziland (2008) , and South Africa (2008-2010) (see Fig. 1 ). In affected areas, RVFV epizootics cause catastrophic livestock losses, whereas concurrent epidemics result in a significant number of severe human cases, including RVFV-associated encephalitis, retinitis (leading to blindness), and, in approximately 1% of cases, a highly lethal hemorrhagic fever [3,4,5 ,6-8] . New data describing human RVFV disease are helping to inform clinical and public health practice, and should enable earlier recognition of RVFV outbreaks. Because no disease-specific treatments are currently available, rapid deployment of measures to prevent RVFV transmission are essential for disease control. New research programs that focus on prediction of outbreaks, transmission factors, human disease determinants, rapid diagnosis of RVFV infection, and vaccine development are all top priorities in RVFV research. Efforts to prevent RVFV transmission in endemic areas may halt the emergence of RVFV globally, as new evidence supports the idea that once introduced, RVFV may easily embed itself in North American ecosystems [9] .
Outbreak prediction
One way that RVFV is maintained in nature is via transovarial transmission in floodwater Aedes mosquitoes [10] (and perhaps other species such as Anopheles arabiensis [7]). After periods of prolonged or heavy rainfall, depressions in the terrain fill with standing water, and dormant infected eggs hatch into feeding mosquitoes that reintroduce RVFV locally (Fig. 2 ). Persisting rainfall results in large blooms of other competent mosquito 'bridge vectors' (e.g. Culex spp.) that magnify an early outbreak by transmitting RVFV among amplifying vertebrate hosts, including cattle, goats, and sheep. Because RVFV outbreaks generally follow anomalous heavy rainfall in endemic areas [8, 11, 12] , meteorological forecasting of extreme weather events has been shown to be a useful tool to predict RVFV activity [13] . The most recent outbreak of RVFV in East Africa was forecast using climate prediction tools, which provided a modest early warning [14] . The 2-6-week alert enabled deployment of vector surveillance, but was not early enough to enable widespread livestock vaccination or implementation of vector control to prevent spread of the disease. Future research will need to focus on providing even earlier warnings for all stakeholders, so that prediction can have greater impact on mobilization of preventive interventions. Integrated tele-epidemiologic approaches are being developed that link remotely sensed data with real-time vector and host data to enable fine-scale RVF prediction in areas with varied landscapes and changing weather patterns [15] . Such research, combined with proactive monitoring, will advance our understanding of the factors involved in the initiation and maintenance of RVFV outbreaks.
New knowledge on viral pathogenesis
RVFV is a negative-sense single-stranded RNA virus with a tripartite genome consisting of small (S), medium (M), and large (L) segments [16] . It is a member of the genus phlebovirus in the family Bunyaviridae. Cryoelectron tomography has recently revealed that RVFV, once thought to be pleomorphic, has an icosahedral structure, with a T ¼ 12 triangulation number. Among viruses, this type of structure is only known to occur in Uukuniemi virus, a related phlebovirus [17] . Analysis of RVFV strains collected during the recent Kenyan outbreak in 2006-2007 has demonstrated the concurrent circulation of multiple virus lineages that manifest gene segment reassortments but share common ancestry from the 1997-1998 East African outbreak of RVF [18] . This analysis also indicated continuing RVFV circulation and evolution during the 1998-2006 interepizootic/epidemic period. Of note, wildlife surveys in Kenya have further demonstrated the continued circulation of RVFV among many different types of wildlife during interepizootic periods [19] . Additional research is needed to evaluate the significance of these wild vertebrate species in maintaining RVFV transmission in high-risk ecosystems.
Many bunyaviruses, including RVFV, produce a nonstructural protein encoded by the S gene segment, known as NSs protein, which serves as an important virulence factor [20] [21] [22] 23 ] . NSs protein is known to interfere with host transcription and antagonize beta-interferon (IFNb) production, thereby limiting early phases of host innate immunity and likely increasing pathogenesis [24] [25] [26] . A new role for NSs protein was recently defined; beyond IFNb suppression, NSs protein was also found to downregulate double-stranded RNA-dependent protein kinase (PKR), a ubiquitous protein that suppresses viral Arrows indicate the progression of virus transmission from the local reservoir maintained by vertical transmission of virus among floodwater mosquitoes to local amplifying livestock, and onward to human populations in the same locales. The time from initial flooding to the first reports of severe human cases may be 3 months or more. translation in response to viral replication [27] . By downregulating PKR, RVFV is able to effectively translate its viral proteins and replicate despite deficient cellular transcription. This downregulation of PKR was shown to be due to the degradation of PKR via the proteasome [21] . Finally, an additional virulence factor, the NSm protein (a nonstructural protein encoded on the M segment of RVFV), has been shown to suppress viralinduced apoptosis of infected cells [28] .
Although RVFV replicates in host cell cytoplasm, it has been known that NSs protein forms filamentous structures in the nuclei of infected cells [29, 30] . A recent study [26] has elucidated the importance of Sin3A-associated protein 30 (SAP30) and NSs interactions in host cell nuclei. After RVFV infection, a multiprotein complex containing NSs protein and host transcription factors, SAP30 and YY1, the activator/repressor of interferon transcription, along with other cofactors allows for repression of the IFNb promoter and evasion of host antiviral response. Another recent study [23 ] has demonstrated that NSs interacts with constitutive heterochromatin clusters of pericentromeric DNA sequences in host cells. Formation of NSs filaments (phosphorylated multimers of NSs protein) enhances interaction with heterochromatin and leads to chromosome cohesion and segregation defects, which is dependent on SAP30 interaction. This finding reinforces previous observations concerning the main role of NSs-SAP30 interaction on RVFV pathogenicity, and may help to explain the mechanism by which RVFV causes abortions and fetal deformities in infected animals.
Risk factors for human infection and disease
Although RVF garners the most attention during its intermittent large-scale epidemics and epizootics [8, 31] and consuming or handling sick animals was found to be the only personal exposure that was associated with RVFrelated deaths in this study [4] . This suggests that animal exposures (Fig. 2) are the most significant mode of transmission of RVFV to humans during epidemics, and that the route of infection (aerosol vs. insect bite) may be of particular importance in determining the subsequent progress of infection and the course of clinical disease.
Human Rift Valley fever disease
RVFV causes a wide range of disease in humans, varying from a weeklong undifferentiated febrile illness to hemorrhagic diathesis and death [5 ] . Ophthalmologic complications remain important sequelae of human RVF disease and result in long-lasting visual disturbance in affected individuals [6] . On the basis of recent case series, we now know that, in its most severe forms, RVF can also lead to acute renal dysfunction. During the recent 2007-2008 outbreak in Sudan, a majority (60%) of patients hospitalized with RVF had renal impairment and 90% of those required dialysis [32] . Mortality was high (40%) among these patients and occurred early during hospitalization. However, survivors did not show evidence of persisting chronic renal failure.
During the most recent RVFV outbreak in Kenya, a characteristic clinical syndrome emerged for RVF, and its features and time-course were documented [5 ,12]. As described, the fever, malaise, and headaches seen in RVF were nonspecific, but combined with large joint arthralgias (elbows, knees, and shoulders), nausea, vomiting, and mid-epigastric pain, followed by tender hepatomegaly, jaundice, and delirium, a characteristic RVF syndrome emerged. This more thorough documentation of the clinical RVF syndrome is important, in that RVFV outbreaks are typically identified only late in the course of an epidemic, because detection is nominally based on the reporting of cases of hemorrhagic fever, which is the rarest complication of RVFV infection. Identification of an RVF clinical syndrome should lead to earlier recognition of epidemics in remote, resource-poor areas where transmission would otherwise easily evade detection.
A previous case study [33] from 2006 had suggested that RVFV could spread by vertical transmission from infected mothers to their unborn children. During the recent 2007-2008 Sudanese outbreak, preterm labor due to acute RVF disease was also found to result in delivery of an anti-RVFV immunoglobulin M-positive baby with skin rash and hepatosplenomegaly, again suggesting that vertical transmission of RVFV probably does occur among humans [34] .
Rapid diagnosis
In endemic areas, RVFV infection is most often diagnosed using a combination of clinical acumen and available diagnostic testing. As mentioned above, it is usually the recognition of acute hemorrhagic fever cases that triggers an outbreak investigation. Newer, multiplexed PCR and reverse-transcription (RT)-PCR enzyme hybridization assays are being developed that can simultaneously detect multiple pathogens, including many hemorrhagic fever viruses [35] . During the recent RVF outbreak in Kenya, field RT-PCR testing was rapidly able to identify those individuals with high viremia who were more likely to progress to severe disease [36] . Because RVF outbreaks occur most commonly in very remote locations, field deployable techniques are essential for effective detection and control. Of note, a molecular technique for practical field deployment, the real-time RT-loop-mediated isothermal amplification (RT-LAMP) assay, which does not rely on thermocycler equipment, has been designed for field diagnosis of RVFV [37 ,38] . The advantages of RT-LAMP are that it has a similar sensitivity and specificity as real-time PCR, but, in contrast, LAMP assays are one-step, singletube reactions that are less expensive and faster than traditional PCR, and can be assessed with the unaided eye. Continued focus on field deployable techniques for RVFV diagnosis is warranted in order to enable more rapid and accurate detection of both RVF outbreaks of all sizes.
Promising vaccines and therapeutics
Public health and animal health agencies agree that it is now a priority to develop RVFV vaccines (whether for humans, animals, or both) that will yield highly effective, long-term protective immunity. Past experience with killed inactivated RVFV vaccines has shown them to be protective but expensive to produce and inconvenient to administer, often requiring multiple booster immunizations to achieve and maintain protection [39] . In the past, live-attenuated strains of RVFV have been used during outbreaks as vaccines for susceptible livestock, but these appear to have caused miscarriage and teratogenicity among pregnant animals of some species [39, 40] . The ideal RVF vaccine would confer protection after a single dose, be completely nonpathogenic with no potential for reversion to wild-type virus, be safe to produce in standard vaccine facilities, and maintain its stability at ambient temperatures for long periods of time. In addition, because of the animal-trade embargoes imposed during RVF epizootics, it is considered highly desirable that commercial livestock vaccines have the ability to 'differentiate between naturally infected and vaccinated animals' (DIVA) before we implement them as part of routine RVF prevention programs in livestock [41, 42] .
Vaccine development
Currently, different strategies are being employed to approach these vaccine goals, including development of safer, live-attenuated, and genetically engineered RVFV strains [43] , testing of chimeric alphavirus-RVFV replicon constructs [40] , viral DNA-based vaccines [44] , and approaches based on production of recombinant viral proteins within virus-like particles [45] . Each approach has its advantages and disadvantages. Inactivated vaccines are safe, but need repeat doses and boosting [44, 45] . Replicon and viral-like particle (VLP) approaches cannot revert to virulent forms because they are devoid of the essential genes for RVFV replication and can be differentiated between wild-type infection and vaccination, but these are expensive to produce. Live attenuated vaccines are highly immunogenic and do not require boosting, but have the safety concern of reversion to virulence [39, 41] . However, a recently published reverse genetics method [46] has been shown to produce RVFV from cDNA constructs containing specific mutations, viral gene deletions, or both, which enables the manipulation of the RVFV genome to elucidate specific viral protein functions and determine the contribution(s) of their antigen loci to vaccine strain efficacy and stability [41] .
For virus-free constructs, gene-gun immunizations with cDNA encoding RVFV structural proteins (G1 and G2) have been shown to induce neutralizing antibody titers in experimental animals, but some immunized mice still developed clinical signs of infection after sublethal challenge [44] . Another approach under development is the use of Sindbis virus replicon vectors that express RVFV Gn and Gc glycoproteins and NSm protein [40] . These replicon vectors induce protective antibody responses in immunized mice and sheep, and provided 100% protection against lethal RVFV challenge. In other research, RVFV-like VLPs have been produced efficiently by reverse genetics [47] and have been shown to be highly immunogenic and protective against lethal challenge in mice [45] . A new reverse-engineered live attenuated vaccine candidate, rZH501ÀDNSs:GFPÀDNSm, created by replacing viral virulence genes NSs and NSm with a labeling gene, green fluorescent protein, is highly attenuated in rat models and results in the production of high neutralizing antibody titers [43] . This RVFV vaccine candidate has very limited potential for reversion to wildtype RVFV virulence, and allows for DIVA with the use of simplified side-by-side ELISAs [42] .
Progress on chemotherapy for enveloped viruses
For treatment of symptomatic RVF, no highly effective RVFV-specific therapeutics currently exist [41] . However, beyond supportive care, there is hope that viable antiviral therapeutic options will emerge. The aryl-methyldiene rhodanine derivative LJ001 is a small molecule that intercalates in viral membranes and prevents virus-cell fusion. It has recently been shown to have broad-spectrum activity against enveloped viruses such as RVFV, and may prove to be an important therapeutic adjunct in the future [48 ] . Another broad antiviral strategy, bavituximab, targets exposed phosphatidylserine on the cell membranes of enveloped viruses and virus-infected cells, and this may also prove to be an important broad-spectrum antiviral therapeutic [49] .
Conclusion
RVFV continues to circulate among animals and humans in sub-Saharan Africa and parts of the Middle East, both during high-profile, intermittent epidemics and epizootics and during interepidemic periods. New insights into the maintenance, transmission, and pathogenesis of RVFV have enabled new strides in our quest for more effective control and prevention of RVF in high-risk areas. These advances should also help us to limit the spread of this high-risk pathogen to other parts of the world. As human risk factors and RVFV-related disease syndromes become better defined, promising vaccine candidates and therapeutics may help to prevent morbidity and mortality from this emerging arboviral pathogen. This study presents a small case series of RVF human hemorrhagic fever during the last Kenyan outbreak and clarifies the clinical phenotype of disease yielding a succinct clinical syndrome that will allow for earlier recognition and classification of severe human RVF disease.
